Fibroblast growth factor (FGF) receptor 3 has been identified as a key regulator of endochondral bone development and of post natal bone metabolism through its action on growth plate chondrocytes and osteoblasts respectively. It has also been shown to promote chondrogenesis and cartilage production by cultured pre-chondrogenic cells in response to FGF18. In the current studies we show that the absence of signalling through Fgfr3 in the joints of Fgfr3 -/-mice leads to premature cartilage degeneration and early arthritis. Degenerative changes in cartilage matrix included excessive proteolysis of aggrecan core protein and type II collagen, as measured by neoepitope immunoreactivity. These changes were accompanied by increased expression of MMP13, type X collagen, cellular hypertrophy and loss of proteoglycan at the articular surface.
INTRODUCTION
Hyaline cartilage is found in the developing growth plates and covering the articulating surfaces of long bones in the adult skeleton (1, 2) . Growth plate cartilage becomes mineralised and is partially resorbed to form a template on which trabecular bone of the primary spongiosa is laid down during endochondral bone development (3) . Articular cartilage remains unmineralised to form a resilient, low friction surface that acts to absorb the shock caused by high impact mechanical loading. It is composed primarily of an avascular type II collagen and proteoglycan (aggrecan) matrix that is secreted and maintained by relatively few chondrocytes in the adult. Articular cartilage therefore has a very limited capacity for repair. Focal lesions caused by trauma, infection or biochemical imbalance do not heal adequately and tend to progress rapidly to osteoarthritis (4, 5) . This is accompanied by increased proteolysis of proteoglycan and collagen leading to cartilage matrix degradation. Many lines of investigation are thus focused on the development of improved technology for cartilage tissue engineering and assisted repair.
Assisted repair of focal defects in articular cartilage may be accomplished by ex-vivo expansion of chondroprogenitor cells and subsequent transplantation in a scaffold with a source of growth factors to promote differentiation and cartilage production (6) (7) (8) . Growth factors that have been used with some degree of success include bone morphogenic proteins (BMPs) and transforming growth factor β (TGF β) (9-12), platelet-derived growth factor (PDGF) (13) and fibroblast growth factors (FGFs) (14) (15) (16) (17) . In chondrocytes, FGFs signal through three of four related receptors that undergo alternative splicing and are linked to the MEKK, phospholipase C and STAT signaling pathways (18) . Targeted mutations of the gene encoding FGF receptor three (fgfr3) in mice resulted in developmental defects in endochondral bone that mimicked those seen in humans carrying the equivalent activating point mutations (19) (20) (21) (22) (Fig 1) . The micro-architecture of the shoulder joints was assessed and quantified using micro CT. Three-dimensional rendering and reconstruction of the scans from 4mo (Fig 2A-B) and 9mo (Fig 2C-D) mice showed progressive collapse of the humeral neck, roughened bone surfaces, numerous osteophytes protruding into the joint cavity and abnormal joint articulation in Fgfr3 -/-mice compared with FGFR3 +/+ mice.
These changes were accompanied by a narrowing of the joint space ( Fig 2E) and a reduction in sub-chondral bone volume in the Fgfr3 -/-mice ( Fig 2F) .
Quantifiable, destructive changes in the joints of mice lacking FGFR3 signaling were therefore evident as early as 4mo of age. To characterize these changes at the molecular level we performed histological analyses using molecular markers of cartilage matrix degradation.
The knee joints of 4mo old mice (Fig 3A-D) stained with Safranin O (Fig 3A-B (Fig 3C-D) , which is associated with chondrocyte hypertrophy, was also apparent at the articular surface in Fgfr3 -/-but not in the Fgfr3 +/+ mice. By 9mo of age (Fig E-H) , weak proteoglycan staining was also seen in the underlying mineralized cartilage in both Fgfr3 +/+ and Fgfr3 -/-mice (Fig 3E-F) . Fgfr3 -/-mice also demonstrated a significant reduction in proteoglycan at the articular surface, fibrillation and meniscal hypertrophy, as well as an increase in type X collagen immunoreactivity (Fig 3G-H Fig 4D) and a significant increase in both DIPEN (Fig 4F) and COL2-3/4Cs (Fig 4H) staining at 9mo compared with littermate controls (Fig 4C, E 
Altered biomechanical properties of articular cartilage in Fgfr3 -/-mice
Cartilage stiffness and integrity are largely dependent on the presence of an intact cross-linked network of collagen entrapping the highly charged proteoglycan, aggrecan, which in turn effectively retains interstitial water. Biomechanical properties of cartilage are most accurately assessed using isolated cylindrical disks (30). However, the small size of the mouse joint precludes such an approach. We therefore developed a micro-indentation test that can be applied to intact small joints, similar to a previously published method (31) . The mean thickness of articular cartilage at the head of the humerus, as shown in Fig 6, 
Reduction in joint space in Fgfr -/-mice
Under physiological circumstances the head of the humerus fits into a socket formed by the outer edge of the scapula, where it is held in place by the rotator cuff. Micro CT analyses showed misalignment of the humerus with the scapula, collapse of the humeral neck and an apparent reduction in the joint space by 4mo of age in FGFR3 -/-mice. The reduced space could not be accounted for by a reduction in the thickness of articular cartilage in the Fgfr3-deficient mice, in which the layer of uncalcified tissue was significantly thicker at 4mo of age. It did however contain more hypertrophic chondrocytes and less matrix than that of the wild type mice, which would have resulted in less resistance to compression when the joint was straightened for imaging (see discussion of biomechanical properties). These defects were seen in association with reduced sub-chondral bone volume and with the appearance of marginal osteophytes, a typical feature of late OA (32) (33) (34) . The fact that C-telopeptide was elevated in the serum of -/-osteoblast function described previously (24) and most probably led to the obvious deformation of the articulating surfaces seen at 9 months of age.
Another potential explanation for the loss of cartilage stiffness is joint mis-alignment, as shown by X-ray and micro CT imaging, which could lead to reduced mobility. In fact it was shown that 11 weeks of joint immobilization in dogs resulted in a 42% decrease in cartilage stiffness (54) .
However, the morphological defects in the skeletons of 4 month old Fgfr3 -/-mice do not appear to inhibit their activity or their access to food. The combination of joint misalignment and reduced sub-chondral bone volume could however compromise the overall biomechanical properties of diarthrodial joints and combined with premature cartilage degradation, could lead to global joint deterioration. 
Radiologic imaging
High resolution X-rays of the shoulder joints, knees, forepaws and hindpaws were obtained on euthanised mice or the dissociated limbs using a Faxitron MX20, equipped with an FPX-2
Imaging system (Dalsa Medoptics, Waterloo, Ontario, Canada). Immediately after X-ray the left shoulder was dissected free of soft tissue, fixed overnight in 4% paraformaldehyde, rinsed three times with PBS and scanned on a Skyscan1072 microCT instrument (Skyscan, Antwerp, Belgium). Image acquisition was performed at 100 kV and 98 µA with a 0.9° rotation between frames to obtain two-dimensional images, which were used to generate three-dimensional reconstructions. The joint space and subchondral bone volume were calculated with the threedimensional Creator software supplied with the instrument. 
Biomechanical testing
The left humeral heads of 4mo old Fgfr3 +/+ and Fgfr3 -/-mice were used for testing the biomechanical properties of articular cartilage using a novel indentation test developed on a Mach-1® micro-mechanical tester (BioSyntech Canada Inc., Laval, Canada). Samples were dissected free of soft tissue and the distal metaphysis fixed with dental stone in a small plastic container before dissecting the joint capsule to expose the articular surface. The humeral head was immersed in PBS for 30 minutes at room temperature to equilibrate before controlled , there was significantly less subchondral bone in the mutant mice at both ages. 
